We have previously shown that alcohols exert a dual action on neuronal nicotinic acetylcholine receptors (AChRs), with short-chain alcohols potentiating and long-chain alcohols inhibiting acetylcholine (ACh)-induced whole-cell currents. At the single-channel level, ethanol increased the channel open probability and prolonged the channel open time and burst duration. In this study, we examined the detailed mechanism of the inhibitory action of the long-chain alcohol n-octanol on the neuronal nicotinic AChR.
N
EURONAL NICOTINIC ACETYLCHOLINE receptors (AChRs) are located at both presynaptic and postsynaptic sites in the cortex and hippocampus and play important roles in modulating the release of various transmitters, such as glutamate and ␥-aminobutyric acid (Barazangi and Role, 2001; Kaiser and Wonnacott, 2000; Role, 1995, 1996; Radcliffe and Dani, 1998) . Thus, the modulation of neuronal AChRs could lead to a cascade of synaptic events involving multiple neurotransmitters. Neuronal nicotinic AChRs are known to be an important target of various chemicals, including nicotine, carbachol, d-tubocurarine, alcohols, general anesthetics, some insecticides, heavy metals, and several natural toxins (Albuquerque et al., 1989 Castro and Albuquerque, 1993; Ishihara et al., 1995; Mori et al., 2001; Nagata et al., 1996 Nagata et al., , 1997a Nagata et al., ,b, 1998a Swanson and Albuquerque, 1992) .
We have found that the human ␣4␤2 AChRs stably expressed in human embryonic kidney 293 cells are potently modulated by alcohols . Normal alcohols (n-alcohols) exert a dual action on both ␣4␤2 and ␣3␤2 AChRs, with short-chain alcohols potentiating and longchain alcohols inhibiting acetylcholine (ACh)-induced currents with a differential chain length dependency (Zuo et al., , 2002 . It seems that the potentiating and inhibitory actions of alcohols on neuronal nicotinic AChRs occur at different binding sites or by different mechanisms. Simulation using kinetic models suggests that the short-chain alcohol ethanol enhances the currents by changing channel gating, whereas the long-chain alcohol octanol suppresses the currents by both open channel block and competition with ACh at the agonist binding site .
Muscle nicotinic AChRs have been used for many years as a model for the study of alcohol action (Bradley et al., 1980 (Bradley et al., , 1984 Forman, 1997; Forman and Zhou, 1999; Forman et al., 1995; Liu et al., 1994; Wood et al., 1991; Wu et al., 1994) . At the single-channel level, ethanol increased the channel open time and decreased the channel conductance (Aracava et al., 1991; Forman and Zhou, 1999, 2000) . The blocking action of long-chain alcohols was interpreted by an open channel block model (Dilger and Brett, 1991; . However, little is known as to how alcohols affect the neuronal nicotinic AChRs at the single-channel level.
We have recently found that ethanol 100 mM increases the open probability (P open ) of channels by stabilizing the ␣4␤2 AChRs in an open state (Zuo et al., 2004) . We now report the results of single-channel patch-clamp experiments that unveiled the detailed mechanisms of the inhibitory action of octanol on ␣4␤2 AChRs. Several changes in single-channel parameters caused by octanol are not compatible with a model in which octanol acts as an open channel blocker, as previously predicted on the basis of kinetic simulation ), but they are compatible with models reported with muscle nicotinic AChRs (Forman and Zhou, 1999, 2000) .
MATERIALS AND METHODS

Cell Preparation
A human embryonic kidney 293 cell line stably expressing human ␣4␤2 nicotinic AChR subunits was obtained from SIBIA Neurosciences, Inc., La Jolla, CA (now Merck Research Laboratories, San Diego, CA). Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 2 mM L-glutamine, 100 units/ml penicillin, 100 g/ml streptomycin (Gibco BRL, Rockville, MD), 6% iron-supplemented calf serum (Sigma, St. Louis, MO), and 100 g/ml G418 (Mediatech, Herndon, VA) at 37°C in air/CO 2 (93/7%, by volume). For patch-clamp experiments, cells were plated on glass coverslips coated with poly-L-lysine and cultured for 1 to 5 days.
Solutions for Electrophysiological Recording
The external solution contained the following (mM): NaCl 150, KCl 5, CaCl 2 2.5, MgCl 2 1, glucose 10, HEPES 5.5, and Na-HEPES 4.5. The pH was adjusted to 7.3 with HCl, and osmolarity was adjusted to 310 mOsm with D-glucose. The internal pipette solution contained the following (mM): K gluconate 140, MgCl 2 2, CaCl 2 1, ethyleneglycoltetraacetic acid 11, HEPES acid 10, Mg 2ϩ adenosine triphosphate 2, and Na ϩ guanosine triphosphate 0.2. The pH was adjusted to 7.3 with KOH, and osmolarity was adjusted to 300 mOsm with D-glucose.
Electrophysiological Recording
Recording patch pipettes were pulled from 1.5-mm (outer diameter) borosilicate glass capillary tubes containing a filament (G150F-4, Warner Instrument Corp., Hamden, CT). The electrodes were coated with a semiconductor protective coating material (R-6101, Dow Corning Corporation, Midland, MI) and fire-polished. The resistance of recording electrodes was approximately 20 M⍀ when they were filled with internal solution. Single-channel currents were recorded by using the outside-out configuration of the patch-clamp technique at room temperature (20 -25°C). The signals were recorded by using an Axopatch 200 amplifier (Axon Instruments, Union City, CA), filtered at 5 or 10 kHz, and stored in a microcomputer via an analog-to-digital converter (Digidata 1200, Axon Instruments). The Fetchex module of the pClamp6 or pClamp8 software (Axon Instruments), using gap-free recording modes, was used to record the signals.
Drug Application
Test solutions were applied to the membrane patch by a modified U-tube system (Marszalec and Narahashi, 1993 ) with a solution exchange rise time (10 -90%) of 10 to 15 msec, as measured by changes in junction potential. ACh (Sigma) was first dissolved in distilled water to make stock solutions (1 M and 3 mM) and was further diluted with the external solution to make test solutions shortly before experiments. n-Octanol was purchased from Sigma.
Data Analysis
A cutoff frequency of 2 kHz was used for data analyses. Single-channel currents were initially analyzed via the Fetchan module in pClamp8 to create event list files. Opening and closing of the channels were detected with the 50% threshold criterion (Colquhoun and Sigworth, 1995) . Only events that lasted more than 400 sec were included in the event list. These event list files were subsequently analyzed in the Pstat module in pClamp8. Histograms were fitted by a sum of Gaussian functions by using the least-square method. The interburst interval was determined by the method of Colquhoun and Sakmann (1985) . These results were subsequently compiled for graphical analysis by SigmaPlot 5.0 (SPSS Inc., Chicago, IL). Data are expressed as mean Ϯ SD, and n represents the number of experiments.
RESULTS
Single-Channel Conductance
The single-channel currents induced by 30 nM ACh and by coapplication of 30 nM ACh and 10 M octanol in the same patch are shown in Fig. 1Aa and 1Ba, respectively. In both cases, single-channel currents occurred as brief isolated openings or as longer openings interrupted by short closures or gaps. At least two conductance-state currents were induced by 30 nM ACh. At a Ϫ70 mV holding potential, the amplitudes of two conductance-state currents were Ϫ1.6 and Ϫ2.5 pA (Fig. 1Ab ), which were not changed by application of 10 M octanol ( Fig. 1Bb ; Table 1 ). Octanol reduced the high-conductance-current events more than the low-conductance-current events, and this resulted in an increase in the proportion of low-conductance-state currents from 5.5 to 20.5% ( Fig. 1Ab and 1Bb ; Table 1 ). Similar changes in distribution of the low-conductancestate currents were observed when 3 or 30 M octanol was coapplied with 30 nM ACh. The proportion of lowconductance-state currents was increased from 13.2 to 24.3% at 3 M octanol and from 7.4 to 19.7% at 30 M octanol (Table 1) . Because the high-conductance-state current represents the major single-channel current (90.0 Ϯ 4.50%; n ϭ 4), the effects of octanol on this current were examined in detail. Unlike the effects of octanol on ␥-aminobutyric acid-A receptors (Kurata et al., 1999) , octanol itself at 300 M did not activate nicotinic AChRs to produce measurable currents at the whole-cell or singlechannel levels.
Open Time Distribution
The open time distributions for the high-conductancestate currents induced by 30 nM ACh and by coapplication of 30 nM ACh with 10 M octanol could be fitted by two components ( Fig. 2A and 2B ). The fast component of the open time distribution for currents induced by 30 nM ACh had a time constant of 1.9 msec, and the slow component had a time constant of 6.5 msec ( Fig. 2A ; Table 2 ). Octanol 10 M reduced the fast time constant to 1.0 msec and the slow component to 3.3 msec ( Fig. 2B ; Table 2 ).
The two time constants of open time distribution for the high-conductance-state currents were decreased by octanol in a concentration-dependent manner. At 3 M octanol, the time constant of the fast component for open time was decreased from 3.0 to 2.5 msec, whereas the time constant of the slow component underwent little or no change (9.2 to 9.3 msec; Table 2 ). At 10 M octanol, the fast time constant was decreased from 1.9 to 1.0 msec, whereas the slow time constant was decreased from 6.5 to 3.3 msec (Table 2) . At 30 M octanol, the fast time constant was decreased from 2.5 to 1.1 msec, whereas the time constant of the slow component was decreased from 9.0 to 3.5 msec (Table 2) . These results indicate that octanol shortens the open time of high-conductance-state currents in a concentrationdependent manner.
The mean open time was used to evaluate the dosedependent capability of octanol to block the ␣4␤2 receptor. The mean open time was 4.90 Ϯ 1.29 msec (mean Ϯ SD; n ϭ 4): this was reduced by 3.0 Ϯ 2.0%, 40 Ϯ 10%, and 64 Ϯ 7.0%, respectively, in the presence of 3, 10, and 30 M octanol. The fit to the data gave a 50% inhibitory concentration (IC 50 ) of 16 M (Fig. 3) .
Closed Time Distribution
Our previous study showed that the distribution of the closed time could be fitted by the sum of three components (Zuo et al., 2004) . The fast component had a time constant of 4.3 msec (30%), the intermediate component had a time constant of 88 msec (39%), and the slow component had a time constant of 690 msec (31%). Because octanol potently reduced the P open of ␣4␤2 receptor channels, as described later, the number of events became too small to construct a histogram distribution. Therefore, the mean closed time was used to evaluate octanol effects. The mean closed time was 117 Ϯ 33 msec (mean Ϯ SD; n ϭ 9) on average, and this was prolonged by 1.14 Ϯ 0.04-fold, 3.85 Ϯ 0.62-fold, and 5.85 Ϯ 0.71-fold, respectively, in the presence of 3, 10, and 30 M octanol (n ϭ 4).
Burst Analyses
To analyze octanol blocking action in more detail, the distributions of the open and closed times within bursts were examined. For the burst analyses, two conductance state currents were analyzed together, because the lowconductance-state currents were observed much less frequently than the high-conductance-state currents, thus making it difficult to analyze bursts separately. Examples of records of bursts without and with octanol are shown in Fig.   4 . On the basis of the closed time distribution, the burst was defined by setting the interburst interval at 15 msec. The distributions of burst durations for 30 nM ACh and 30 nM ACh plus 10 M octanol could be fitted by the sum of two components ( Fig. 5Aa and 5Ba) . The fast component of the burst duration in controls had a time constant of 1.4 msec, and the slow component had a time constant of 16.6 msec (Fig. 5Aa) . Octanol 10 M reduced the fast time constant to 1.1 msec and the slow time constant to 8.8 msec (Fig.  5Ba) . Reduction of the burst duration was also observed with 3 M octanol (from control of 3.5 to 2.4 msec and 22.6 to 18.6 msec) and with 30 M octanol (from 1.5 to 1.2 msec and 14.1 to 5.2 msec). The mean burst duration was 11.0 Ϯ 2.88 msec (mean Ϯ SD; n ϭ 4), which was reduced by 15, 64, and 74%, respectively, in the presence of 3, 10, and 30
The open time distributions within bursts could be fitted by two components for the currents induced by 30 nM ACh and by coapplication of 30 nM ACh with 10 M octanol ( Fig. 5Ab and 5Bb) . The fast component of distribution of the open time within burst for 30 nM ACh-induced currents had a time constant of 1.8 msec, and the slow component had a time constant of 6.8 msec (Fig. 5Ab) . Octanol 10 M reduced the fast time constant to 1.0 msec and the slow time constant to 4.5 msec (Fig. 5Bb) . Whereas 3 M octanol did not significantly change the open time within burst (from 2.6 to 2.2 msec and 10.3 to 11.8 msec), 30 M octanol did reduce it (from 2.6 to 1.4 msec and 9.4 to 3.7 msec).
The mean open time within bursts was reduced by octanol in a dose-dependent manner. The mean open times within bursts were 4.96 Ϯ 1.52 msec (mean Ϯ SD; n ϭ 4), and these were reduced by 3, 42, and 66%, respectively, in the presence of 3, 10, and 30 M octanol.
The closed time distributions within burst without and with octanol coapplication are shown in Fig. 5Ac and 5Bc , respectively. Two components were used to fit the closed time distribution within burst for both the currents induced by 30 nM ACh alone and those induced by coapplication of 30 nM ACh and 10 M octanol. The fast component of distribution of the closed time within burst for 30 nM ACh-induced currents had a time constant of 0.7 msec, and the slow component had a time constant of 5.7 msec (Fig.  5Ac) . Octanol 10 M slightly reduced the fast time constant to 0.4 msec, but it had no effect on the slow time constant (5.6 msec) (Fig. 5Bc) . The mean closed time within bursts was 6.0 Ϯ 1.50 msec (mean Ϯ SD; n ϭ 3) and was only slightly reduced (by 12%) in the presence of 10 M octanol. In the presence of 30 M octanol, the closed time data within burst were too few to analyze.
Open Probability
Two conductance-state currents were not separated for the analysis of P open . P open is defined as the sum of the open times for all channels in a patch divided by the recording time. The mean P open was decreased by coapplication of 30 nM ACh and 10 M octanol. Figure 6 shows the analyses of the sum of four patches. Without octanol, the mean P open was 0.087 Ϯ 0.008 (Fig. 6A) . With coapplication of 10 M octanol, the mean P open was decreased 0.014 Ϯ 0.001, which represents an 84% decrease in comparison with control (Fig. 6B) . P open was decreased by 12% at 3 M octanol and, more significantly, by 93% at 30 M. The fit to the data gave an IC 50 of 6 M (Fig. 3) . Thus, octanol was more potent in reducing P open than the open time.
DISCUSSION
The dual action of n-alcohols on the ␣4␤2 AChRs has been characterized in detail at the whole-cell level ). These results suggested that the potentiation by short-chain alcohols and the inhibition by long-chain alcohols could be mediated by different mechanisms. On the basis of simulation by kinetic models, it was suggested that short-chain alcohols enhance the whole-cell currents by increasing P open . The validity of this hypothesis has recently been demonstrated by single-channel experiments (Zuo et al., 2004) . In contrast to short-chain alcohols, it has been proposed that long-chain alcohols inhibit the currents by a combined action of open channel block and competition with ACh for its binding site .
This single-channel study for octanol was undertaken to demonstrate the validity of the open channel blocking hypothesis. At the single-channel level, two conductance state currents were observed, and both exhibited isolated openings and bursts of openings interrupted by brief closures in the presence of 30 nM ACh (Fig. 1Aa) . Detailed analyses were performed on the high-conductance-state current because it constituted a major component of single-channel currents. Octanol dose-dependently increased the mean , 1978; Ogden et al., 1981; Yamamoto and Yeh, 1984) .
Steinbach
The mean closed time was 117 msec, which is 20-fold longer than 6 msec, the mean closed time within the burst. Octanol greatly prolonged the mean closed time, and it slightly shortened the mean closed time within the burst. The mean open time was 4.90 msec whether it was measured within or outside the burst. Octanol at 10 and 30 M dose-dependently reduced the mean open time, whereas at 3 M it had very little effect.
The IC 50 of octanol to block the ␣4␤2 receptor, according to the dose-response data of the reduction in the mean open time, was 16 M, with a Hill coefficient of 1.3 (Fig. 3) . In contrast, the IC 50 of octanol was decreased to 6 M (Hill coefficient, 2.0) when its effect was measured on the basis of the reduction of the channel P open .
The greater effect of octanol on P open is most likely due to its greater effect in prolonging the mean closed time than to shortening of the open time, because P open is defined as the sum of the open time for all channels in a patch It also predicts that the burst duration increases with the concentration of the blocking molecule, with the total charge per burst independent of the presence of blocker as long as the conductance does not change (Neher and Steinbach, 1978) :
where R is the receptor, A is ACh, and RA 2 * is the agonistbound open channel. k ϩ1 and k -1 represent the binding and unbinding rate constants, respectively, and ␤ and ␣ represent the opening and closing rate constants, respectively. The blocker, B, binds to the open channel to block with a binding rate constant of G and leaves the blocked channel with an unbinding rate constant of F. In the atypical sequential block model (scheme 2), the blocked channel can go to a closed state or desensitized state with the blocker in it. This represents another pathway that terminates the burst without the blocked channel returning to the open state. Thus, the open time and burst duration might be decreased as the concentration of the blocker is increased.
The atypical blocking action may explain the pronounced effects of octanol at high concentrations (10 and 30 M) on the open time, burst duration, and frequency of openings. All of these parameters were markedly decreased. In six of eight patches tested, 30 M octanol almost completely blocked the ACh-induced currents. The open time was greatly truncated, and as the blocked channels underwent closure with the octanol molecule, the burst duration was shortened. As long as the octanol molecule resides in the channel, be it in the open or closed state, no single-channel current appears. Another way to reduce P open is either (1) direct competition of octanol molecules with ACh for the agonist site, as suggested by our model simulation of the whole-cell current study , or (2) receptor desensitization. Both mechanisms would exhibit a prolonged mean closed time, as observed in the presence of octanol. These two mechanisms remain to be examined.
The actions of n-alcohols on muscle nicotinic AChRs have been studied in cultured rat muscle cells. Alcohols from pentanol to octanol increased the brief closures during channel openings forming bursts. However, there was a concentration-dependent reduction in the duration of bursts (Dilger and Brett, 1991; . Their results are in line with the predication of the atypical open channel block model. Namely, the blocked channel can undergo closure with the blocking molecule in it.
A dual action of alcohol was observed in muscle nicotinic AChRs and serotonin-3 receptors (Bradley et al., 1980 (Bradley et al., , 1984 Lovinger, 1999; Wood et al., 1991) . The potentiating action of short-chain alcohols and the inhibitory action of long-chain alcohols are believed to be exerted through different binding sites. The two-site model is supported by studies from the whole-cell and single-channel analyses in combination with mutagenesis (Dilger and Brett, 1991; Forman, 1997; Forman and Zhou, 1999; Forman et al., 1995; Liu et al., 1994; Wood et al., 1991; Zuo et al., 2001) . At the whole-cell level, the potencies for both potentiation (log EC 200 ) and inhibition (log IC 50 ) were linearly related to the carbon number of alcohols with different slopes. For neuronal AChRs, the changes in free energy were estimated to be 405 cal/mol per methylene group for potentiating action and 792 cal/mol for inhibitory action . At the single-channel level, ethanol was found to stabilize the open AChRs (Zuo et al. 2004 ). According to both the previous whole-cell and current single-channel analyses, the suppressive action of octanol could be partly explained by an atypical open channel block model. This mechanism is different from the stabilization of the opening channel caused by ethanol. Thus, data at the single-channel level further corroborate that long-and short-chain alcohols modulate the neuronal AChR differentially.
